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Introduction
The zebrafish (Danio rerio) embryo (ZFE) toxicity test is a versatile in vitro method to assess the hazard of chemicals and has been applied in several studies for the toxicological test-ing of nanoparticles (NPs) (e.g. ref. [1] [2] [3] [4] . The ZFE as a vertebrate model species combines advantages such as rapid development and transparency of embryos and is considered as an alternative model to animals for testing. 5 It allows the observation of lethal, acute, and sublethal toxicological endpoints. 6 To estimate the toxic potency of organic substances, it is essential to determine both the internal dose and the velocity of uptake, which trigger the occurrence of effects. 7 Internal concentrations of organic compounds internalized by ZFE were successfully correlated to toxicological effects. [8] [9] [10] However, for metal toxicity, not only the internalized but also the attached fraction may affect organisms. But little knowledge on the uptake of metals by ZFE and the underlying kinetic processes exists. 11 For metal-based nanoparticles, it is expected that their distribution follows a temporal and spatial pattern different from that of dissolved chemical substances, such as metal ions. 12, 13 Data on the association of NPs with the ZFE are scarce, with regard to both the quantification of internalized amounts and the visualization of particle distribution. For both, analytical methods need optimization, in order to combine high sensitivity and high spatial resolution to detect NPs within biological tissues. 14 In recent studies, mainly electron microscopy (SEM, TEM), 15, 16 fluorescence microscopy, 17, 18 and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 2, 3, 19, 20 were applied to detect nanomaterials in cells and organisms.
In terms of metal and metal oxide distribution, different compartments of the embryo were considered. Specific attention was paid to the role of the chorion, a specific structure protecting the embryo from external influences until hatching, but at the same time being permeable enough to allow sufficient gas supply and advective transport of nutrients for the embryo. 21 The surface charge of the chorion is described as negative, 22 attracting and binding positively charged metal ions. 23 The chorion is traversed by pore channels with a diameter of ∼200 nm. 22 As such, its barrier function will impact the internalization of metals and metal ions, and its permeability for ions will probably differ from that for particles. However, for Zn 2+ and nanoscale ZnO, no differences in the uptake and tissue distribution in embryos and eleutheroembryos were observed. 2 In previous studies, the passage of NPs through the chorion but also retention on its surface were reported. The direct passage of Au-NPs (∼12 nm) and stabilized Ag-NPs (5-20 nm) through the chorion pore channels was demonstrated. 24, 25 In contrast, the retention of Ag-NPs and TiO 2 -NPs at the chorion was also observed. 26, 27 A barrier function of the chorion was likewise reported for several other NPs, namely Ru@SiO 2 particles (60, 200 nm), 17 as well as CuO-, ZnO-, Co 3 O 4 -, and NiO-NPs (all NPs with a primary particle size of 20-50 nm). 18 Furthermore, Auffan et al. (2014) 28 concluded that the chorion acts as a protective membrane limiting the internalization of NPs as well as metal cations.
The aim of this study was to gain novel knowledge on the time-dependent interaction between ZFE and metal-based NPs and metal cations. ZFE were exposed to non-toxic concentrations of the NPs (Ag-, Au-, CuO-, and ZnO) and corresponding cations (Cu 2+ , Ag + and Zn 2+ ions) for different periods of time (0.5, 1, 2, 4, 8, and 24 h). The specific objectives were (1) the quantification of metal/metal oxide associated with or internalized in different compartments of the ZFE (chorion, embryo), (2) the visualization of distribution pat-terns, and (3) a kinetic study of metal/metal oxide attachment at or within the ZFE chorion structures. The metal internalization was compared for the different materials as well as for the two exposure regimes, NPs or cations in order to assess whether differences in the kinetic processes occur.
Materials and methods

Characterization of nanoparticle powders, suspensions, and exposure solutions
The nanoparticles (Au-, Ag-, ZnO-, CuO-NPs) were provided and characterized in detail by project partners of the EU project NanoValid. The Ag-and Au-NPs were delivered as waterbased suspensions stabilized with polyvinyl pyrrolidone (PVP) and sodium citrate, respectively, to prevent agglomeration processes within the suspension. The CuO-and ZnO-NPs were provided as powders. The CuO-NPs were stabilized by the addition of 0.1% tetrasodium pyrophosphate and sonicated according to an established protocol. 29 As no suitable stabilizer was found for the ZnO-NPs, a 10 g l −1 stock suspension was sonicated in deionized water and left for 24 h, and the resulting supernatant (∼80%) was taken as a nanoscale fraction for the following characterization and biological experiments. The stock suspensions were further diluted to the respective test concentrations in the test medium used for the zebrafish embryo test, referred to as ISO water (294.0 mg l −1 CaCl 2 ·2H 2 O, 123.3 mg l −1 MgSO 4 ·7H 2 O, 63.0 mg l −1 NaHCO 3 , and 5.5 mg l −1 KCl dissolved in deionized water 30 ).
The properties and characteristics of the four NPs, namely the primary particle size, the specific surface area (BET), the particle size distribution as well as the zeta potential in the stock suspensions, are listed in the ESI. † Furthermore, the stability and agglomeration behavior of particles in the exposure suspensions were investigated by dynamic light scattering (DLS). The dissolved ionic fraction within the NP exposure suspensions was measured prior to testing by ICP-MS in the supernatant after 30 min of centrifugation at 16 000g. For the NP exposure, it has to be pointed out that the suspensions contained dissolved metal cations besides the metal (oxide) NPs (except for Au-NPs).
Metal salts
In parallel to the NPs, with the exception of Au, all experiments were performed with the respective metal salt solutions (AgNO 3 , CuSO 4 ·5H 2 O, ZnSO 4 ·7H 2 O; Merck). The Au-NPs are inert and no release of ions is expected, therefore the respective salt was not tested. For each salt, stock solutions in deionized water were prepared, which were further diluted to the respective test concentrations in ISO water. 30 For CuSO 4 ·5H 2 O, the stock concentration was 2 g l −1 , for AgNO 3 100 mg l −1 and for ZnSO 4 ·7H 2 O 426 mg l −1 .
Upon dissolution in zebrafish culture medium, different metal species will be present in the exposure solutions. However, as metal speciation was not further differentiated in this study, the term cation is used in the following.
Zebrafish maintenance, embryo exposure, and sample preparation Zebrafish (Danio rerio) embryos (ZFE) were exposed to the respective NPs and metal ions according to the OECD test guideline 236 (6) . Fish were maintained at 26 ± 1°C in a 14 h : 10 h light : dark cycle and fed daily with Artemia sp. For the egg collection, spawn traps were placed into the fish tanks on the day prior to spawning. The institution has all relevant permissions to breed zebrafish (Federal State of Saxony, Landesdirection Sachsen, license number DD24-5131/ 252/7). All experiments involving zebrafish embryos were performed in compliance with the relevant laws and institutional guidelines. After the selection of fertilized eggs, exposure experiments were started at 26 hours post fertilization (hpf) in ISO water for different time periods (0.5, 1, 2, 4, 8, and 24 h). For every 70 ml of exposure solution, 35 eggs (making 2 ml per egg) were incubated in petri dishes with one individual metal (in the form of either NPs or ions). No mixtures of metals were tested. The organisms were kept at 26 ± 1°C, with no change of medium during the exposure. Before the onset of exposure, the pH of ISO water was adjusted to 7.8 ± 0.2. The organisms were exposed to 60 μg element per l of NPs since this concentration reflects environmentally relevant concentrations 31 and exerted no toxicological effects for any of the applied NPs. For the metal salt solutions, likewise 60 μg element per l were used to assess the impact of the dissolved ionic fraction.
Elemental concentrations were measured by ICP-MS from a 1 mL volume of the exposure suspensions prior to testing (Table S1 †). After exposure, only undamaged, living organisms were collected and washed in medium (ISO water) twice to remove loosely bound particles. Afterwards, the concentrations of the respective metals were determined in the whole ZFE (referred to as "egg"), isolated chorion (referred to as chorion), or isolated inner embryo (referred to as inner embryo). The chorion and embryo were separated mechanically by using forceps. For the quantification of internalized metal, 4 of the respective organism compartments were pooled to obtain one sample and a minimum of 3 replicates were used for analysis. For the visualization of the elemental distribution by LA-ICP-MS, exposed organisms were fixated, embedded in frozen section medium and cut in 40 μm sections using a microtome at −20°C as described previously. 19, 20 Quantification of total elemental concentrations For analysis of the total elemental concentrations in exposed organisms, samples were subjected to 2 h of acid digestion (DigiPrep, S-Prep) at 95°C to generate homogeneous solutions. The acid digestion protocol was adjusted to the physico-chemical properties of the individual NPs and metal salts. Samples exposed to Ag-and Cu (NPs or metal salt) were digested with nitric acid (65%, suprapur, Merck), and those exposed to Au-and Zn (NPs or metal salt) were digested with aqua regia (v/v HCl/HNO 3 , 3/1). The digested samples were subsequently analyzed by a quadrupole-based (ELAN DRCe, Perkin Elmer Sciex) nebulization ICP-MS method (neb-ICP-MS) to determine the elemental concentrations. An external calibration was performed by analyzing elemental standard reference solutions. For all experiments, untreated organisms were used as negative controls (blank) ( Fig. S1 , Table S2 †) and the blank concentrations (natural background) were subtracted from the concentrations measured in the exposed organisms. The natural backgrounds of the respective elements in unexposed zebrafish embryos were determined as follows: silver (0.1 ng per organism), gold (0.2 ng per organism), zinc (2.7 ng per organism) and copper (1.8 ng per organism). The latter background values were well in line with those of Bourassa et al. (2014) 32 (Table S2 , Fig. S1 †) .
The metal content of the perivitelline space (PVS), which could not be sampled individually, was calculated by subtracting the chorion and embryo concentrations from the total amount determined for the egg.
Visualization by laser ablation ICP-MS
The organism sections placed on glass slides were introduced into an ablation chamber and ablated by a Nd:YAG laser with a wavelength of 266 nm (LSX 500, CETAC). The laser energy was adjusted to 60% to ensure complete ablation of the organic layer. The spot ablation was performed with a 50 μm spot diameter for sufficient imaging. The generated particle aerosol was directly transported and introduced into the ICP-MS via an additional argon gas stream. The external calibration was performed by the laser ablation ICP-MS (LA-ICP-MS) measurement of individually particle-spiked agarose gels according to an earlier protocol. 33 The transient intensity signals for the individual spots were collected in a data matrix, transformed to concentration values by using the calibration curves and plotted as 2D-colored images. 20 For all experiments, untreated organisms were measured as controls (blank) ( Fig. S2 †) . For Ag and Au, the natural background was below the detection limit (for limits of detection, see Böhme et al., 2015 20 ) . In contrast, for Zn and Cu, a higher natural abundance was observed and thus the blank intensities were subtracted from the sample intensities to obtain the final images.
Analysis of particle distribution by scanning electron microscopy
In order to confirm the NP localization determined by LA-ICP-MS and to gain more detailed insights into the localization of the particles at or within the chorion structure, organisms exposed for 24 h were subjected to electron microscopy. The organisms were washed and fixated as mentioned above, placed on SEM-stubs with an adhesive carbon foil and dried at room temperature for 2 h. In order to increase the conductivity, a 10 nm chromium layer was inductively sputtered onto the biological samples. Chromium was chosen instead of the commonly used Au/Pd because its X-ray lines are well separated from those of Au, Ag, Cu, and Zn, respectively. The samples were subsequently investigated using a scanning electron microscope (SEM, Zeiss Merlin VP compact) equipped with an energy-dispersive X-ray spectroscopy detector (EDX detecting unit, Bruker Quantax) for elemental analysis. With respect to the X-ray lines, the following accelerating voltages were applied for the respective elements: 2.5 (Au-, CuO-NPs), 3.0 (ZnO-NPs), 4.5 (Ag-NPs), and 5 kV for controls.
Data evaluation and statistics
For the calculation of the distribution of the metal over the different compartments, the mass-based values measured after 8 and 24 h exposure time were used. Average values (mean ± SD) of three independent experiments for each of the two time points were obtained. For the calculation of the elemental concentrations per compartment, the volume of each compartment was determined by microscopic inspection of 24 hpf eggs. A total volume of ∼700 nl was calculated for the egg from the diameter of 1100 μm by assuming a spherical shape. According to , 34 the thickness of the chorion is ∼2 μm, resulting in a volume of 8 nl. The embryo and yolk had a volume of 220 nl, leaving ∼472 nl for the PVS. The concentration for each element per compartment (in ng μl −1 ) was calculated by dividing the average mass after 8 and 24 h of exposure by the volume of the respective compartment.
For the comparison of uptake kinetics upon exposure to particles or ions, the elemental mass (in ng) per compartment was plotted for each time point, and a t-test was performed to determine significant differences between the particle and ion exposure in terms of elemental mass associated with the respective compartment of the ZFE.
All analyses were performed with Microsoft Excel 2016 (Microsoft Corporation, Redmond, USA), OriginLab 8 (ADDI-TIVE GmbH, Friedrichsdorf, Germany) and GraphPad Prism 4 (GraphPad Software Inc., La Jolla, CA), and all graphs were prepared using GraphPad Prism 4.
Results & discussion
Characterization of nanoparticle powders, stock and exposure suspensions
The primary characterization data are provided in the ESI † (Table S3). Briefly, the primary particle sizes of the selected NPs are in the range of 10-25 nm. The hydrodynamic particle sizes measured in the ISO-water exposure suspensions at the start of the experiments were as follows: 18 ± 2 nm (Au-NPs), 80 ± 1 nm (ZnO-NPs), 117 ± 24 nm (Ag-NPs), and 132 ± 2 nm (CuO-NPs). After 24 h of exposure, sizes of 204 nm (Ag-NPs), 420 nm (CuO-NPs), and >5 μm for Au-and ZnO-NPs were measured, indicating strong agglomeration of particles within the media.
For the majority of the NP exposure suspensions, a difference between the nominal (applied) and measured elemental concentrations was observed at the start of each experiment (Table S1 †). The dissolved fraction of the respective particle exposure suspensions was determined to be 48 ± 7% Ag (Ag-NPs), 10 ± 5% Cu (CuO-NPs), and 58 ± 3% Zn (ZnO-NPs) at the beginning of the experiment. High amounts of dissolved ions within the media were previously reported with values of 20-53% for ZnO-NPs and 12-38% for Ag-NPs. 2, 35 The continuous release of ions from the NP surface can lead to total NP dissolution as described for ZnO-NPs. 36, 37 The dissolution of ZnO-NPs reflects the higher solubility of ZnO in comparison to the other materials studied, e.g. CuO, 38 and we expect an increase of the dissolved Zn proportion or even total particle dissolution until the end of the exposure time of 24 h, as for these particles no stabilizer was used. Further, our results for copper dissolution (10 ± 5%) are well in line with those of Lin et al. (2013) 39 and Hua et al. (2014) 40 who also reported a dissolved fraction of around 10%. The dissolution process is assumed to be dynamic over time and depends on factors such as particle concentration, size, medium composition, pH, and the presence of organisms. 37, 41, 42 As a consequence, upon exposure to either Ag-NPs, ZnO-NPs or CuO-NPs, zebrafish embryos were exposed to the respective metal ions in addition to the nanoparticles. Hence, both the visualization and the quantification data represent a mixture of NPs and ions, as the origin of the element cannot be differentiated between particulate or ionic. However, based on the dissolution data, we assume an increasing contribution of the particles to the total amount of internalized metal in the order of ZnO-NP (high share of ions) < Ag-NP < CuO-NP (high share of particles) < Au-NP (only particulate) exposure.
Distribution of NPs and metals in different ZFE compartments
After exposure to 60 μg element per l for different durations, the metal uptake and distribution (from either NP or cation exposure) within the ZFE was analyzed by LA-ICP-MS and visualized by the reconstruction of color maps according to . 20 Color maps showing the elemental distribution in ZFE exposed to either nanoparticles or ions for different time points (0.5 to 24 h) are shown in Fig. S2 . † As shown in Fig. 1a , Ag-NPs strongly associate with the chorion and substantial amounts seem to reach the PVS, whereas only minor amounts reach the embryo. A high sorption of Ag-NPs to the chorion structure was previously reported and quantified by Auffan et al. (2014) 28 with a percentage of 58 to 85% Ag-NPs accumulating at the chorion after 48 h of exposure to 5 mg l −1 Ag-NPs. Ionic silver stemming from the AgNO 3 solution was predominantly located in the PVS and to a lesser extent in the chorion (Fig. 1a ).
Gold nanoparticles (Fig. 1d) show a distribution comparative to Ag-NPs, with most material found at the chorion and in the PVS, but only little material located in the inner embryo.
After exposure to nanoparticles, copper was detected on the chorion and in the embryo. After exposure to copper cations, only very little copper was detected in the embryo and a larger fraction at the chorion (Fig. 2a ). For both exposure regimes, minor amounts were calculated for the PVS. For CuO-NPs, however, the color maps (Fig. 2c) do not well represent the accumulation patterns determined by neb-ICP-MS. Neither accumulation at the chorion nor a clear increase in metal concentrations for the inner embryo can be observed. This may be due to the LA-ICP-MS method, which is a semiquantitative imaging technique that records elemental distributions for only one thin section of the whole organism. Of the four elements studied, zinc showed the most exceptional distribution pattern, with the largest fraction detected in the inner embryo, irrespective of whether the embryos were exposed to the nanoparticles or the cations. Strikingly, only minor amounts were found to accumulate at the chorion. More zinc accumulated in the PVS upon exposure to the nanoparticles (Fig. 2d ). These results are well in line with the observation made by Brun et al. (2014) 2 for ionic and particulate zinc with high Zn concentrations detected for the embryo. As in this study dechorionated embryos for the visualization of Zn distribution were used, a direct comparison with the distributions patterns observed in this study is not possible. With regard to copper and gold distribution in fish embryos (NPs and ions), no data are available so far in the literature.
To explore the role of the chorion in metal retention or transport in more detail, scanning electron microscopy was applied. Besides the observation of the sorption and agglom-eration behavior of the NPs at the ZFE chorion structures, the specific aim was to shed light on the role of the pore channels in nanoparticle uptake. All types of NPs (Ag-, Au-, CuO-, ZnO-NPs) were detected at the chorion surface and their chemical identity was verified by EDX mapping and the measurement of EDX spectra for the respective elements (Fig. 3) . In addition, for Au-and CuO-NPs, particle agglomeration was observed in selected regions of interest. However, the Ag-and ZnO-NPs were more difficult to identify in the particulate state, probably due to their high dissolution rates. Rather, these two elements were found to be homogeneously distributed over the entire chorion surface. We were not able to assess the presence of NPs in the pore channels or the association of particles with other chorion structures by this method.
Quantification of NPs and metals in different ZFE compartments
The quantification of metal concentrations in different ZFE compartments by neb-ICP-MS revealed element-specific differences in the uptake behavior depending on how elements were presented to the organisms (as cations or NPs).
Despite showing comparable distribution patterns, both the absolute and the internal metal concentrations measured for the corresponding ions differ from those of the nanoparticles (Fig. 1 and 2) . The concentrations of Ag, Au, Cu and Zn determined for each ZFE compartment after exposure to nanoparticles and cations (from 0.5 to 24 h) are listed in Table S4 . † More material associated with the organism upon Ag-NP exposure compared to cation exposure. In detail, Ag-NPs showed a high presence at the chorion (24 h: 5.6 ng Ag per chorion) ( Fig. 4a-c) . Minor concentrations were detected in the inner embryo for both Ag-and Au-NP exposure (24 h: <0.3 and 0.4 ng per embryo, respectively). Distinct, significant differences in silver uptake were observed when comparing particle and cation exposure. For the whole egg as well as the chorion, significantly more silver associated with the compartments after exposure to nanoparticles (24 h: 10 and 6.5 ng per egg, and 5.6 and 2.2 ng Ag per chorion for Ag-NPs and Ag cations, respectively) ( Fig. 4a and b) . No significant differences between particle and cation exposure were observed in the embryo and the PVS (Fig. 1a and 3c ). Expressed in percentages, ∼65% of the Ag-NPs and 67% of the Au-NPs detected on the whole egg associated with the chorion. For Ag-NPs, this is well in line with the observation of Auffan et al. (2014), 28 who reported that 58 to 85% of Ag-NPs accumulate at the chorion of Atlantic killifish embryos depending on medium salinity. The use of NP stabilizers seems to have a minor influence on the uptake behavior, as Auffan et al.
(2014) 28 used citrate-stabilized Ag-NPs, and also the uptake of uncoated Ag-NPs was reported. 43 Of all metals investigated, gold nanoparticles showed the highest amount associating with zebrafish eggs, with 24.8 ng per organism after 24 h exposure time, with most metal found associated with the chorion (24 h: 18.9 ng per chorion) (- Fig. 4d-f ). Minor concentrations were detected in the inner embryo (24 h: 0.4 ng per embryo). Expressed in percentages, 67% of the Au-NPs detected on the whole egg associated with the chorion. 44, 45 demonstrated likewise the uptake of non-stabilized Au-NPs into the inner mass of zebrafish embryos, however, no direct comparison regarding the internalized mass of the Au-NPs to our data is possible.
Copper showed less association with the zebrafish egg compared to silver and gold, with maximum values <4 ng per organism ( Fig. 2 and 4) . Copper showed the highest accumulation at the chorion (24 h: 2.7 and 1.1 ng Cu per chorion for NPs and cations, respectively) and accordingly at the whole egg (24 h: 1.5 and 3.3 ng Cu per egg for NPs and cations, respectively) ( Fig. 2a, 4g and h) . For the CuO-NPs, ∼67% of the total amount of the element found in the fish egg associated with the chorion, which is, however, not well supported by the visualization data, probably due to the lower sensitivity of the LA-ICP-MS compared to the neb-ICP-MS. As a unique feature for this element, cation exposure resulted in significantly higher internalization of copper than NP exposure. This is well in agreement with recent data for juvenile trout gill, showing that the accumulation of Cu is greater from CuSO 4 than from Cu-NPs. 46 In addition, as observed for silver, a higher share of copper was translocated to the PVS upon exposure to the cations, possibly due to facilitated transport of ions through the chorion. Hence, our data do not support the modelling results from Muller et al. (2015) 47 and Hua et al. (2014) , 40 which predicted that eight times more Cu accumulates in the PVS upon exposure to nanoparticles compared to ions. However, one has to keep in mind that particle transport across the chorion may depend on particle size as well as additional particle properties such as surface coatings or stabilizers. As different types of CuO-NPs were used in the study by Hua et al. (2014) 40 and this study, a direct comparison may not be possible.
Interestingly, a clear difference in zinc uptake occurred between particles and cations even though a high dissolution rate was found for the particles. Zinc displayed a unique pattern of accumulation, in that only very little material was detected at the chorion (24 h: 0.4 and 0.07 ng Zn per chorion for NP and cation exposure, respectively), with most material reaching the inner embryo (24 h: 2.4 ng Zn per embryo for NP and cation exposure) ( Fig. 2d and e; Fig. 4k and l) . In the PVS, more Zn was detected upon exposure to NPs (Fig. 2d) . Interestingly, the calculation of element content revealed that less zinc allocates to the PVS than to the embryo (Fig. 2 , Ta By taking the respective ZFE compartment volumes into account, for each metal and compartment, internal concentrations were calculated. All of the metals showed a bioconcentration in all compartments considered, as all internal concentrations were above the external exposure concentrations (valid for both nominal and real concentrations in the exposure medium, see Table S1 †). The strong enrichment of metals at the chorion was confirmed for all metals except Zn cations, with concentrations of 66 000 (nZnO)-1 545 000 (nAu) μg l −1 (Fig. 1b and e, Fig. 2b and e and Table S5 †).
These results show for the first time that significant differences in association and internalization of nanoparticles and cations occur. This outcome is even more striking when the dissolution of ions from the nanoparticles selected for this study is considered. Due to this, during the nanoparticle exposure, the ZFE were exposed simultaneously to particles as well as ions, but still a clear effect of the particulate fraction was obvious.
Time-dependent internalization of metals into different ZFE compartments
To date, quantitative data showing the association of metals with zebrafish embryos over time are scarce. Hence, the distribution and uptake of metals (either from NP or cation exposure) into different compartments of the ZFE was determined by neb-ICP-MS after exposure to 60 μg element per l after different exposure durations (0.5, 1, 2, 4, 8 and 24 h). To our knowledge, this is the first study assessing the time course in such detail. The kinetic data demonstrate a steady increase in the elemental concentrations associated with the organisms during the time of observation, irrespective of exposure to NPs or cations ( Fig. 4) . Considering the whole egg, for silver, gold and copper, no apparent saturation after 24 h exposure time is observed (Fig. 4a, d and g) . For Cu and Zn, after 0.5 h, almost the total concentration detected after 24 h exposure duration is associated with the eggs (Fig. 4g and j) . However, it has to be noted that the zinc concentrations remain rather constant over time, and for the cation exposure, a tendency for a decrease of zinc concentrations in the whole egg and embryo is observed. As the same observation is made for copper accumulation in the embryo, one can hypothesize that this distribution pattern is influenced by transport processes regulating the internal concentration of these essential trace elements in zebrafish embryos. [48] [49] [50] An interesting observation was made for the gold content of embryos, which seems to decrease over time ( Fig. 4f ). 44, 45 demonstrated the passive diffusion of Au-NPs into the inner mass of the embryo, however, in their studies the gold stayed in the embryo for an observation time of up to 120 h.
Conclusion
In summary, our results show that the type of metal seems to be crucial for the amount of metal associated with the zebrafish eggs. Our results demonstrate an element-specific distribution of metal over the different zebrafish embryo compartments. As demonstrated by the internal concentrations, a bioconcentration of all metals inside the embryo was observed.
The dosage form (NPs or cations) causes clearly identifiable, but smaller differences in adsorption and uptake. Hence, our results support the assumption that differences between NPs and the corresponding ions as observed in several nanotoxicity studies may be explainable based on the differences in the uptake kinetics or the time course of association with the organisms. 35, 51 An influence of the stabilizers used for the NPs cannot be excluded, but is considered to be weak. Particle-related properties such as hydrodynamic diameter, dissolution or surface charge do not correlate directly with the uptake by the embryo, but this requires confirmation using a larger data set.
For future studies, the discrimination of internalized NPs versus ions would allow one to shed more light on the influence of kinetic processes on toxic effects. Therefore, analytical techniques have to be developed further to differentiate between the internalization and distribution of particles or ions. At first, this requires imaging methods with a spatial resolution significantly higher than that provided by LA-ICP-MS Furthermore, the role of the local enrichment of nano-particles at certain structures of organisms, and the continuous dissolution processes during exposure and after internalization by organisms need further clarification, with a specific focus on the chorion structure in the case of ZFE.
